The interactions of one-electron reduced metronidazole (ArNO2' -) with native and Type-2-copper-depleted ascorbate oxidase were studied in buffered aqueous solution at pH 6.0 and 7.4 by using the technique of pulse radiolysis. With ArNO2 -, reduction of Type 1 copper of the native enzyme and of the Type-2-copper-depleted ascorbate oxidase occurs via a bimolecular step and at the same rate. Whereas the native protein accepts, in the absence of 02, 6-7 reducing equivalents, Type-2-copper-depleted ascorbate oxidase accepts only 3 reducing equivalents with stoichiometric reduction of Type 1 copper. On reaction of 02 -with ascorbate oxidase under conditions of [O2 -2] > [ascorbate oxidase], removal of Type 2 copper results in reduction of all the Type 1 copper atoms, in contrast with reduction of the equivalent of only one Type 1 copper atom in the holoprotein. From observations at 610nm, the rate of reduction of ascorbate oxidase by O2 -is not dependent on the presence of Type 2 copper. For the holoprotein, no significant optical-absorption changes were observed at 330nm. It is proposed that electrons enter the protein via Type 1 copper in a rate-determining step followed by a fast intramolecular transfer of electrons within the protein. For the Type-2-copper-depleted protein, intramolecular transfer within the protein, however, is slow or does not occur. In the presence of 02, it is also suggested that re-oxidation of the partially reduced holoprotein occurs at steady state, as inferred from the observations at 330nm and 610nm. The role of Type 2 copper in ascorbate oxidase is discussed in terms of its involvement in redistribution of electrons within the protein or structural considerations.
Ascorbate oxidase (AAO) is a copper-containing enzyme that in vitro catalyses the oxidation of ascorbate by°2 with the production of dehydroascorbate and water (Mondovi & Avigliano, 1984) . It contains 8 atoms of copper per molecule (three Type 1, one Type 2 and four Type 3) and, by analogy with other blue oxidases, they are divided into three different types (Malmstrom et al., 1975; Fee, 1975) . Type 1 copper, which absorbs at 610nm, and Type 2 copper are e.p.r.-detectable, and therefore their reduction may be directly monitored. Type 3 copper is believed to be associated with an absorption band at 330nm, the bleaching of which should, presumably, be associated with Type-3-copper reduction (Malmstr6m et al., 1975; Fee, 1975) . Owing to these spectroscopic features it is possible to study the kinetics of and the position of the equilibria of the redox processes involving the different copper types.
It has previously been proposed that the different types of copper atoms in AAO represent an array of redox centres that may undergo alternate reduction and oxidation. The 'blue' copper atoms (Type 1) seem to be on the substrate side of the redox chain, whereas Type 3 copper (the diamagnetic pair) may be more associated with the°2 side (Avigliano et al., 1978) , as previously proposed for caeruloplasmin (De Ley & Osaki, 1975) (Holwerda & Gray, 1974; Goldberg et al., 1980) . We have previously shown (O'Neill et al., 1983 ) that one-electron reduced nitroaromatics reduce AAO in a bimolecular process and that a rapid equilibration of the electrons to the copper centres occurs in the absence of 02-Since there is a lack of structural information concerning the spatial relationship of the various copper atoms, the mechanism of intramolecular electron transfer within the protein is not fully understood. 
Materials and methods
AAO was prepared as previously described (Avigliano et al., 1972) . Two batches of enzyme (pooled different preparations with identical catalytic and spectroscopic features) were found to be homogeneous with respect to ultracentrifugation and disc-gel electrophoresis and were used throughout this investigation. Ultracentrifugation was performed at 56000rev./min with a Spinco model E ultracentrifuge equipped with a temperature-control unit at 8-10°C. Gel electrophoresis was performed at pH 8.9 according to the method of Davis (1964) . The pooled protein showed an A280/A610 ratio of 26 and an A330/A610 ratio of 0.9 and contained 7.8 g-atoms of copper/mol as determined chemically (Brumby & Massey, 1967) after dialysis against 0.5 mM-EDTA. Double integration ofe.p.r. spectra (Varian E9 spectrometer operating at 9GHz and 77K) gave 3.8g-atoms of e.p.r.-detectable copper/mol. Type 2 copper was removed from the two batches as previously described (Avigliano et al., 1979) . The Type-2-depleted AAO samples exhibited similar properties (sample 1: A280/A610 ratio 28, 5.6g-atoms of copper/mol, 2.7g-atoms of which are e.p.r.-detectable; sample 2: A280/A610 ratio 26, 5.8 g-atoms of copper/mol2 3.0g-atoms of which are e.p.r.-detectable). The activity of the Type-2-copper-depleted AAO was 0.5% of that of the holoprotein. This loss of activity on removal of Type 2 copper has previously been reported (Kroneck et al., 1983) . Reconstituted samples of AAO were obtained as previously described (Avigliano et al., 1979) . They exhibited spectroscopic and kinetic parameters identical with those of the native protein. In particular, they contained 7.6g-atoms of copper/mol, 3.8g-atoms of which are e.p.r.-detectable. The enzymic activity was measured spectrophotometrically by monitoring the decrease ofoptical absorption at 265 nm due to the oxidation of ascorbate.
The 4.3 MeV linear accelerator and the opticaldetection and data-storage systems were described previously (McAdam et al., 1977) . All solutions were prepared from triple-distilled water, buffered at pH 6.0 or 7.4 with sodium phosphate buffer (1OmM), and contained EDTA (O.1 mM), formate (0.1 M) and AAO, the concentration of which was generally expressed in terms of protein concentration. Irradiation conditions and dosimetry details were as previously reported (O'Neill et' al., 1983) .
Total conversion of the radicals produced on the radiolysis of water (reaction 1):
H20e, 0H_ ,He (1) into one-electron reduced nitroaromatics has previously been described (O'Neill et al., 1983) . In order to study the reactions of 02 -with AAO, solutions contained formate and were aerated or oxygenated in order to convert all the radiolytically produced radicals of water (reaction 1) into 02*-, as shown in reactions (2)- (4): As previously reported, AAO may interact with one-electron reduced nitroaromatic radical anions produced on pulse irradiation (O'Neill et al., 1983) . We have confirmed that 6-7mol of radical /mol of holoprotein is required to bleach completely the absorption, at 610nm, of AAO, despite the presence of only 3 blue (Type 1) copper atoms/molecule of enzyme.
On extension of our study to the Type-2-copperdepleted AAO, it was determined that only 2.9 + 0.3 reducing equivalents are needed to achieve full bleaching of the absorption at 610nm, assigned to Type 1 copper, in the absence of 02. This stoichiometry was determined in the absence Of 02 from the changes in absorbance at 410 nm, a wavelength at which the radical anion of metronidazole (ArNO2 -, produce 17.5 uM/pulse) absorbs, in the absence and in the presence of the Type-2-copper-depleted protein (1.4-2.4pM) at pH6.0 or 7.4. The second-order rate constants for the redox reaction between the Type-2-copper-depleted AAO and ArN02' , as determined from the absorbance changes with time at 610nm, are 2.2 (±0.5) X 107M-1I-s1 and 3 (±1) x 107m-I -s at pH6.0 and 7.4 respectively. These values are very similar to those determined under equivalent conditions with the native AAO protein (O'Neill et al., 1983) .
Previous treatment of Type-2-copper-depleted AAO with H202, in an attempt to obtain a fully oxidized protein as reported by Lubien et al. (1981) for Type-2-copper-depleted laccase, did not influence the rate or the stoichiometry of reduction by ArNO2 -. Furthermore, the rate and the stoichiometry of reduction of reconstituted samples of the Type-2-copper-depleted protein by ArNO2 -are equivalent to those determined for the native protein. After a train of six radiation pulses, less than 10% bleaching of optical absorption as compared with the extent of bleaching at 610nm was observed at 330nm on interaction of ArNO2 -with Type-2-copper-depleted AAO (Fig.   1 ). This extent of bleaching at 330nm is slightly less than that observed with the holoprotein of less than 20% (O'Neill et al., 1983) . It should be noted that at 330nm the absorption coefficients of metronidazole and ArNO2 -are similar; in fact, the slight increase of optical absorption after each pulse in Fig. 1 is probably due to the absorption of ArNO2'. From Fig. 1 , it is apparent that significant bleaching of optical absorption at 330nm does not occur within approx. 0.18s even though full bleaching of the absorption at 610nm of Type 1 copper requires only two radiation pulses under these conditions. The quality of the traces only allow qualitative examination at 330nm.
Reaction of AAO with°2
The reaction of holo-AAO with 02'-was studied under various conditions. Most of the experiments were performed at pH 7.4 instead of pH 6.0 owing to the increased lifetime of 02--at pH7.4. Holo-AAO (1.4-5.2pM) was found to interact with 02 -, as determined from the bleaching of the optical absorption at 610nm (AA610) (see Fig. 2 ). JA610 was found to be (a) [ Since the determined first-order rate constant of 141 s-l, under these conditions, is about one order of magnitude greater than that estimated from the rate of bleaching in Fig. 2 , it is estimated that the rate constant for initial interaction of 02*-with AAO is <5 x 106 M-1 *S-1. After completion of the interaction of 02 -with AAO, approx. 30% restoration of optical absorption at 610nm was observed within 1 s.
On interaction of Type-2-copper-depleted AAO with 02'-at pH 7.4, at least 90% bleaching of the total bleachable absorption at 610nm was observed (see Table 1 ). (Avigliano et al., 1978) ; 3 mol/mol of protein is required for the static bleaching of Type-2-copper-depleted AAO. In other words both the native AAO and Type-2-copper-depleted AAO may accept as many electrons as copper atoms present within the protein, consistent with the findings reported by Kroneck et al. (1983) .
Discussion
AAO is one of the few oxidases able to reduce 02 directly to water. It has been suggested that this property is related to the presence of four electron acceptors per functional unit of the oxidases, as is the case with cytochrome c oxidase and laccase (Malmstrom et al., 1975) . It has previously been assumed that caeruloplasmin and AAO are dimers of laccase; however, this has been disproved, on the basis of finding that they show Type 1/Type 2 ratios of copper atoms of 2 and 3 respectively (Deinum et al., 1974; Van Leeuwen et al., 1975; Ryden & Bjork, 1976; Marchesini & Kroneck, 1979; Avigliano et al., 1979) . Furthermore, the catalytic efficiency of AAO and caeruloplasmin does not correlate with the ratio of Type 2/Type 3 copper, since AAO is a powerful catalyst, whereas caeruloplasmin sluggishly oxidizes the substrates as yet studied (Fee, 1975; Frieden & Hsieh, 1976) . A further problem associated with the understanding of the catalytic mechanism of oxidases is the pathway by which the elctrons are transferred from the substrate to 02 via the protein. Much evidence indicates that the electrons initially enter blue oxidases via Type 1 copper (Andreasson & Reinhammar, 1976) .
In the present study, we took advantage of the reversible removal of Type 2 copper from AAO to obtain informmation concerning the role of Type 2 copper in the intramolecular electron-transfer Vol. 222 processes. We have previously demonstrated that total reduction of the Type 1 copper of AAO is observed when 6-7 reducing equivalents are accepted by AAO and that AAO is reduced in a rate-limiting bimolecular process by ArNO2'- (O'Neill et al., 1983 (Kroneck et al., 1983) , a time wholly consistent with the above mechanistic aspects proposed, whereby it is inferred that Type 2 and Type 3 copper atoms are predominantly in the oxidized form at equilibrium in this system. The ratelimiting step, under the conditions used, is suggested to be flow of electrons into the protein via Type 1 copper atoms.
For the Type-2-copper-depleted protein, all the Type 1 copper atoms are reduced on interaction with 02*. From the observations made with ArNO2 -(see above), subsequent intramolecular electron transfer from Type 1 to the Type 3 copper atoms is also probably less efficient or does not occur even with°2-as the source of electrons. If, however, electron transfer to Type 3 copper atoms does occur, it is inferred that the Type 3 copper atoms would be in the reduced state, since re-oxidation of ascorbate-reduced Type-2-depleted AAO takes several minutes (Kroneck etal., 1983) , in contrast with the rapid re-oxidation of the reduced holoprotein. Reduction of Type 3 copper atoms by 02--in Type-2-copper-depleted AAO would be in contrast with the observations made with ArN02 -whereby the three reducing equivalents accepted by Type-2-copper-depleted AAO are accounted for in terms of reduction of all the Type 1 copper atoms. From observations at 330nm, further information co,pcerning the redox state of the Type 3 copper atoms cannot be obtained owing to the poor quality ofthe traces. However, it should be noted that even when Type 3 copper atoms are reduced, as implied on reaction of the holoprotein with ArNO2 -, the extent of bleaching at 330nm is only 20% or less ofthat observed at 610nm (O'Neill et al., 1983) .
It is concluded that a rapid equilibration of the 6-7 electrons/molecule accepted by AAO occurs between all the types of copper atoms. Type 2 copper plays an essential role in the intramolecular electron-transfer processes involved in redistribution of the electrons to the different types of copper. In 
